Spices have traditionally been used to preserve foods, as well as to enhance flavor and odor. The earliest description of antimicrobial effects of a spice was made by Antony van Leeuwenhoek. In a letter dated 9 October 1676, van Leeuwenhoek described the decline in the number and activity of "animalcules" in a sample of well water following the addition of pepper (6) . The current interest in the use of compounds derived from spices as antimicrobial agents was sparked in the 1980s by changes in consumer attitudes toward the use of preservative agents such as nitrates and NaCl in foods (24) . However, progress in the application of spice-derived compounds as antimicrobial agents in food products has been slow. The major problems include accurate identification of active components and the apparent requirement for concentrations that alter the sensory qualities of the food (18, 21) .
The antimicrobial activity of spice oils has been attributed to a number of substituted aromatic molecules, such as eugenol, cinnamaldehyde, and carvacrol ( Fig. 1) (10, 11, 17) . Both eugenol and cinnamaldehyde are of interest for development as food antimicrobial agents due to their demonstrated activity against both gram-positive and gram-negative bacteria, including organisms that are of concern for safety. Eugenol has been reported to inhibit the growth of Escherichia coli O157:H7 and Listeria monocytogenes (2) . Cinnamaldehyde has been reported to inhibit the growth of Clostridium botulinum (3), Staphylococcus aureus (4) , E. coli O157:H7, and Salmonella enterica serovar Typhimurium (7) .
To resolve the problem of high concentrations, it has been proposed that spice-derived compounds should be utilized in a system of antimicrobial agents in a form of hurdle technology (1, 2, 18, 21) . The development of multicomponent antimicrobial systems for food products requires a greater understanding of the mechanisms of action of specific agents so that attention can be focused on potentially effective combinations.
Although it is common for reviewers of spice oils to ascribe the antimicrobial effects to interactions with the cell membrane, the precise mechanisms of bactericidal or inhibitory action remain unclear (5, 21) . This problem is due to some extent to the use of methodologies that fail to adequately distinguish between inhibitory and lethal effects (18) . The available experimental evidence for eugenol and cinnamaldehyde is contradictory, and there is evidence supporting both membrane interaction and inhibition of specific cellular processes or enzymes (7, 13, 28, 29) .
The aim of the experiments described in this paper was to investigate the role played by inhibition of ATP generation at bactericidal concentrations of eugenol and cinnamaldehyde. A bactericidal concentration is defined as a concentration that prevents reproduction of treated cells when they are transferred to a noninhibitory medium. More than one mechanism may be involved in the activity of eugenol and cinnamaldehyde. However, the relevance of alternate mechanisms can be discounted if rapid inhibition of energy generation occurs. This is because cells that are unable to generate energy are unable to reproduce or alter their metabolism to adapt to antimicrobial challenge.
Experiments were conducted with the gram-positive organisms Lactobacillus sakei and Listeria monocytogenes. These organisms were selected due to their relevance to a wide range of food products; L. monocytogenes is an important food-borne pathogen, and lactic acid bacteria such as L. sakei are important in spoilage and fermentation of many foods. Additionally, although these bacteria are not greatly dissimilar physiologically, their energy metabolism reactions are significantly different. L. monocytogenes possesses an electron transport chain and generates energy by respiration, whereas L. sakei generates energy solely by fermentative metabolism (12, 22) . (8) . Stock cultures were frozen at Ϫ75°C in glycerol. For experimental use L. monocytogenes was streak plated on BHI agar, and L. sakei was streak plated on APT agar.
MATERIALS AND METHODS

Materials
Preparation of antimicrobial agents. Suspensions of the antimicrobial agents to be tested were prepared immediately prior to use by addition of eugenol or cinnamaldehyde to sterile TSB containing 5 g of YE per liter (TSBϩYE) (pH 7.0) or 25 mM HEPES buffer (pH 7.0) and vortex mixing.
Determination of bactericidal concentrations of antimicrobial agents. A single colony of the bacterium to be tested was used to inoculate 10 ml of TSBϩYE (pH 7.0) at 20°C and grown to the log phase (optical density at 650 nm [OD 650 ], 0.1 to 0.3). The concentration of the culture was then adjusted by dilution with TSBϩYE (pH 7.0) to obtain an OD 650 of 0.1 Ϯ 0.04, and then the culture was diluted 1/1,000 into fresh TSBϩYE (pH 7.0). A 0.5-ml aliquot of the bacterial cell suspension was then added to a 1.5-ml microcentrifuge tube containing 1 ml of the antimicrobial agent to be tested suspended in TSBϩYE (pH 7.0). Controls composed of cells in TSBϩYE (pH 7.0) that were not treated with an antimicrobial agent were examined simultaneously. The microcentrifuge tubes were incubated for 60 min in a water bath at 20°C. At the start of the experiment and every 15 min for 60 min the tubes were mixed by vortexing, and duplicate samples spread plated with a spiral plater on BHI (L. monocytogenes) or APT (L. sakei) agar plates. The plates were incubated at 25°C for 48 h, and the organisms were enumerated.
To confirm that the bactericidal effects of an antimicrobial agent were not due to inhibition of growth by residual antimicrobial agent, experiments at a bactericidal concentration were repeated with duplicate 100-l samples recovered on ISO-Grid membranes. The samples were washed twice with 20-ml portions of 0.1% peptone before incubation of the filter on BHI or APT agar.
When ATP was measured, we found that it was necessary to use a concentration of cells that was 30 times greater than the concentration used in the experiments used to determine the bactericidal concentration. The lethality of the concentration used for cells suspended in 25 mM HEPES buffer was confirmed by spread plating.
Measurement of extracellular and intracellular ATP levels. The bacterium to be tested was grown to the log phase in TSBϩYE (pH 7.0) as described above. The culture was then harvested by centrifugation at 10,000 ϫ g and washed twice with 25 mM HEPES buffer (pH 7.0) before it was resuspended in HEPES buffer to an OD 650 of 0.1 Ϯ 0.04. Then 0.3 ml of the resuspended cells was added to 9.7 ml of HEPES buffer, and the cell suspension was stored for 2 h at 20°C to deplete cellular ATP from the energized level. Depletion of cellular ATP under these conditions was confirmed during preliminary experiments.
The effect of an antimicrobial agent on ATP levels was determined for cells that were first energized with glucose or treated with the antimicrobial agent before addition of glucose.
In energized cell experiments 0.5 ml of cells in buffer was added to a 1.5-ml microcentrifuge tube containing 1.0 ml of buffer with 0.375% glucose. The microcentrifuge tubes were incubated for 5 min at 20°C to energize the cells, and a 200-l sample was removed from each tube. Then 200 l of the antimicrobial agent at 7.5ϫ (final concentration) in 25 mM HEPES buffer with 0.25% glucose was immediately added to the tube, and incubation was continued for 15 min; 200-l samples were taken every 5 min.
In experiments in which cells were first exposed to an antimicrobial agent, 0.5 ml of cells in buffer was added to a 1.5-ml microcentrifuge tube containing 1.0 ml of the antimicrobial agent in buffer at 1.5ϫ (final concentration). The microcentrifuge tube was incubated for 5 min at 20°C, and a 200-l sample was taken. Then 200 l of the antimicrobial agent at the final concentration in buffer with 1.88% glucose was added to the tube, and incubation was continued for 15 min; samples were taken every 5 min.
At each time point, 200-l samples were placed in Ultrafree-MC centrifuge filtration units (pore size, 0.22 m). The cells in the samples were separated from the surrounding buffer by centrifugation for 30 s at 8,000 rpm in the Micro-12 microcentrifuge. A 100-l aliquot of 2.5% TCA with 2 mM EDTA was added to the filter unit. After 10 min of incubation, the TCA solution was mixed with a pipettor, and a 20-l aliquot was removed and diluted in 380 l of FL-AAB and used as the cellular ATP sample. The filtrate was used as the external ATP sample. Samples were stored at Ϫ75°C until they were analyzed.
ATP analysis. The ATP contents of cellular ATP and external ATP samples were assayed by a continuous light output luciferase reaction (16) in which the light output was amplified with DEAE-dextran (9) . Each 75-l sample was assayed by using 50 l of FL-AAM luceriferase assay mixture with 25 l of 1% Statistical analysis. To determine whether there were significant differences between cells recovered by direct plating and ISO-Grid recovery, as well as between ATP measurements following different treatments, Student's t tests were used. The value for ␣ for each analysis is indicated below.
RESULTS
Response of L. monocytogenes and L. sakei to cinnamaldehyde and eugenol. Experiments were conducted to determine the concentration of eugenol and cinnamaldehyde required for a bactericidal effect on log-phase cells of L. monocytogenes and L. sakei. A bactericidal effect was defined as a Ͼ1-log reduction in the number of CFU recovered compared to untreated controls within 1 h.
The minimum concentrations of antimicrobial agents required for a bactericidal effect on L. monocytogenes in TSBϩYE (pH 7.0) were found to be 5 mM for eugenol ( Fig.  2A) and 30 mM for cinnamaldehyde (Fig. 2B) . A concentration of eugenol of 6 mM was required for a bactericidal effect on L. sakei in TSBϩYE (pH 7.0) (Fig. 3 ), but treatment with up to 0.5 M cinnamaldehyde had no effect over a 1-h incubation (results not shown). When experiments were repeated with cells recovered on an ISO-Grid filter after washing with 0.1% peptone, there was no significant difference (␣ ϭ 0.05, as determined by a Student t test) between the number of cells and the number of unwashed cells recovered following direct plating on agar (results not shown).
The lethality of the antimicrobial treatments for bacteria suspended in 25 mM HEPES (pH 7.0) with 0.25% glucose was verified (Fig. 4) .
Inhibitory effects on ATP generation by L. monocytogenes. When 0.25% glucose was supplied to L. monocytogenes cells in 25 mM HEPES (pH 7.0) following 5 min of incubation at 20°C, the cellular ATP levels increased significantly compared to the levels in controls without glucose (Fig. 5A) . Incubation of L. monocytogenes with 5 mM eugenol, 40 mM cinnamaldehyde, or 10 M CCCP for 5 min prior to addition of glucose prevented a significant increase in the cellular ATP level (Fig. 5A) .
When L. monocytogenes cells were energized by 5 min of incubation with 0.25% glucose before addition of the antimicrobial agent, we observed that 40 mM cinnamaldehyde and 10 M CCCP resulted in a significant reduction in the level of cellular ATP. However, 5 mM eugenol was found to have no significant effect on the cellular ATP levels when energized cells were challenged (Fig. 5B) .
No significant difference in extracellular ATP levels was observed between controls and treatments for L. monocytogenes that was treated first with either glucose or an antimicrobial agent (results not shown) (␣ ϭ 0.05, as determined by a Student t test).
Inhibitory effects on ATP generation by L. sakei. L. sakei cells treated with 10 mM eugenol had significantly smaller amounts of cellular ATP following addition of 0.25% glucose compared to cells in buffer (Fig. 6A) . The cellular ATP levels of L. sakei cells treated with 100 M CCCP were not significantly different than the levels in controls that were treated with glucose alone (Fig. 6A) .
Treatment of energized L. sakei with 10 mM eugenol or 100 M CCCP resulted in cellular ATP values that were not sig- nificantly different from the values for either energized or unenergized controls (Fig. 6B) . Again, there was no significant difference in extracellular ATP levels between controls and treatments when L. sakei was treated first with either glucose or an antimicrobial agent (results not shown) (␣ ϭ 0.10, as determined by a Student t test).
DISCUSSION
Responses of L. monocytogenes and L. sakei to cinnamaldehyde and eugenol. The experiments described here demonstrate that above a minimum threshold concentration eugenol has a dose-dependent bactericidal effect on growing log-phase cells of both L. monocytogenes and L. sakei within 15 min after exposure. Cinnamaldehyde was a less effective bactericidal agent than eugenol, requiring a concentration that was six times greater for a bactericidal effect on L. monocytogenes. Additionally, no effect on L. sakei was observed with up to 0.5 M cinnamaldehyde. The failure of cinnamaldehyde to have any appreciable effect on L. sakei suggests three possibilities: (i) L.
sakei possesses a cell envelope that is less permeable to cinnamaldehyde than the L. monocytogenes cell envelope; (ii) L. sakei possesses a resistance mechanism which allows it to export or inactivate cinnamaldehyde; and (iii) L. sakei does not possess the target for cinnamaldehyde activity found in L. monocytogenes. If the third possibility is true, then it seems that the mechanism of cinnamaldehyde action is different from that of eugenol, which affects the two organisms at similar concentrations.
Effects of eugenol on ATP generation by L. monocytogenes and L. sakei. When supplied to L. monocytogenes cells prior to glucose, eugenol was observed to prevent the increase in cellular ATP levels that occurred in untreated controls. However, eugenol was not observed to cause ATP depletion from cells previously energized with glucose, whereas the protonophore CCCP prevented ATP generation from glucose by nonenergized cells and caused rapid ATP depletion in energized L. monocytogenes cells.
These results appear to contradict the ion transport model for activity proposed by Ultee et al. (27) for carvacrol, which, like eugenol, is a substituted phenolic. Carvacrol is bactericidal to Bacillus cereus at a concentration of 1.5 to 2 mM in HEPES buffer at 8°C (25) . Carvacrol (2 mM) was observed to cause a rapid decline in the cellular ATP pools and a slight increase in the extracellular ATP level of glucose-energized B. cereus (26) . Addition of 0.15 mM carvacrol was shown to dissipate the membrane potential, as measured with the fluorescent dye 3,3-dipropylthiacarbocyanine, and 1 mM was sufficient to dissipate the membrane gradients of pH and potassium (26) . When the effect of carvacrol on the growth rate of B. cereus was compared with the effects of structurally related molecules (thymol, menthol, carvacrol methylester, and cymene), it was found that lower concentrations of molecules possessing a hydroxyl group were required for growth inhibition (27) . Based on this observation and the observed effects on membrane ion gradients without apparent ATP leakage, Ultee et al. (27) proposed an ion transporter model of carvacrol action. In this model the molecule inserts into the membrane, disrupting its structure, but the hydroxyl group allows carvacrol to act "as a transmembrane carrier of monovalent cations by exchanging its hydroxyl proton for another ion such as a potassium ion." However, it is difficult to distinguish between membrane disruption and ion transport, and 6.7 mM carvacrol has been reported to increase ethidium bromide staining of Pseudomonas aeruginosa and S. aureus, a clear indicator of membrane disruption (14) . If eugenol acted as an ion transporter, it would be expected to cause ATP depletion from energized cells, as was observed with CCCP, a known ion transporter. CCCP and other protonophores can be predicted to cause depletion of ATP pools since to maintain its normal intracellular pH, pH 8, L. monocytogenes uses electron transport and ATPase to export H ϩ (23). Since ATP is not depleted following addition of eugenol to energized L. monocytogenes, either the proton gradient of the membrane is not dissipated or the activity of the F 1 F 0 ATPase is inhibited. ATPase inhibition is a very real possibility as Rico-Munoz et al. (20) reported that the phenolic compounds tertiary butylhydroquinine and propyl gallate can reduce the activity of S. aureus ATPase in isolated membranes. However, in the same study a significant increase in ATPase activity was noted in samples treated with butylated hydroxyanisole.
The absence of any observed increase in the extracellular ATP level for energized cells does not support disruption of the cell membrane as an explanation for lethality. The results observed are consistent with inhibition of glucose import or utilization by L. monocytogenes. If this is the case, inhibition of glucose utilization rather than inhibition of uptake seems more probable. L. monocytogenes is known to possess two glucose import systems, a high-affinity phosphoenolpyruvate-dependent phosphotransferase system (PTS) (K m ϭ 0.11 mM) and a low-affinity proton motive force-dependent system (K m ϭ 2.9 mM) (19) . It seems unlikely that eugenol inactivates both transport mechanisms by interaction with the enzymes involved. If inhibition of glucose utilization occurs, then it most probably involves inhibition of an enzyme involved in glycolysis, as inhibition of the tricarboxylic acid cycle or respiration would allow the cell to continue generating ATP by fermentation.
Membrane effects cannot be discounted, as Walsh et al. (28) have reported potassium leakage from E. coli (3.03 mM) and S. aureus (6.06 mM) treated with eugenol. If eugenol acts as an ion transporter or causes membrane leakage, it is conceivable that glucose uptake by the PTS could continue, and ATP pools could be maintained by fermentative metabolism. Cells in this position would still be severely injured and could be expected to expend most of the energy generated on futile attempts to reestablish membrane gradients.
Similar conclusions can be drawn from the effects of eugenol treatment on cellular ATP levels of L. sakei. Like L. monocytogenes, L. sakei imports glucose by the PTS and a poorly characterized non-PTS system (15) . Furthermore, since in L. sakei generation of ATP is purely fermentative, if inhibition of glucose utilization occurs, it must involve a key step in glycolysis. This conclusion is supported by the failure of 100 M CCCP to alter ATP generation by L. sakei, which is presumably able to continue ATP generation by substrate level phosphorylation. Although Wendakoon and Sakaguchi (29) found that eugenol at a concentration of Ͼ6 mM is inhibitory for the histidine decarboxylase of Enterobacter aerogenes, the role of inhibition of biosynthetic enzymes can be discounted, as the rapidity of effects on energy metabolism at a bactericidal concentration make any such activity irrelevant.
Effects of cinnamaldehyde on ATP generation by L. monocytogenes. As observed with eugenol, the possibility that the mechanism of cinnamaldehyde activity involves inhibition of cell wall synthesis (2.36 mM, B. cereus) (13) or inhibition of biosynthetic enzymes (Ͼ7.5 mM, histidine decarboxylase) (29) is unlikely because of the rapidity of ATP inhibition or depletion.
Treatment with 40 mM cinnamaldehyde was observed to have an effect identical to the effect of 10 M CCCP in preventing an increase in the cellular ATP level following addition of glucose to cells preexposed to inhibitor and also in causing rapid depletion of the cellular ATP of energized cells. The hypothesis that cinnamaldehyde functions as a ion transporter like CCCP can be dismissed as cinnamaldehyde does not have any chemical group, such as a hydroxyl, which would allow it to function in such a manner. The results seen were consistent with a mechanism for cinnamaldehyde action in which interaction with the cell membrane causes disruption sufficient to disperse the proton motive force by leakage of small ions without leakage of larger cell components, such as ATP. The observed results are also consistent with either inhibition of glucose import or inhibition of glycolysis.
Conclusions. The results of our experiments clearly indicate that there is rapid inhibition of the energy metabolism of L. monocytogenes and L. sakei when the cells are exposed to bactericidal concentrations of eugenol and cinnamaldehyde. Further experiments are necessary to determine whether the mode of inhibition involves glucose utilization or membrane interactions. Additionally, the possibility of ATPase inhibition by eugenol should be investigated.
